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Abstract 
The paper is based on recent work within IEA EBC Annex 57. It describes building design strategies for reduction of embodied 
energy and embodied carbon emissions and presents them on five examples of design optimizations of building elements, 
subsystems and whole buildings. The first example shows environmental optimization of curtain wall façade elements leading to 
utilization of bio-based materials. The second example present a family house, which has been rebuilt form foundations, whilst 
some of the original materials were reused in the new structure. The third example presents an optimized subtle structural system 
made of ultra high performance concrete. The fourth example presents a case study of variant designs of structural system of a 
residential house in Prague. The last example shows an alternative design of a family passive house in Prague, based on hybrid 
construction of light prefabricated concrete elements and timber-based external walls. 
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1. Introduction 
European countries have in the last years significantly improved standards and legislation related to energy 
performance of new buildings [1]. When studying a life cycle of a building, such move means that environmental 
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impacts and resource use of the use stage of a building life cycle (B1-7 according to EN 15978 [2]) becomes less 
significant, whereas proportion of impacts of product stage and construction process (A1-5) in the life cycle 
increases [3]. These stages, where energy and carbon emissions are being embodied into buildings, are intensively 
studied in an ongoing Annex 57 of the International Energy Agency’s Energy in Buildings and Communities 
Programme (hereafter referred as Annex 57). The main objectives of Annex 57 are: i) to collect existing research 
results concerning embodied energy and carbon dioxide emissions due to building construction, to analyze them and 
to summarize into the state of the art; ii) to develop guidelines of the methods for evaluating the embodied energy 
and CO2,eq. emissions due to building construction; and iii) to develop guidelines of the measures to design and 
construct buildings with less embodied energy and CO2,eq. emissions [4]. 
This paper focuses on the third objective and describes strategies for reduction of embodied energy (EE) and 
embodied carbon emissions (EC) and provides examples of design optimizations of building elements, subsystems 
and whole buildings. 
2. Design strategies for reduction of embodied energy and embodied carbon 
Subtask 4 of Annex 57 formulated design and construction strategies for reduction of EE and EC through three 
steps:  
x Reduction of amount of needed materials throughout entire life cycle 
x Substitution of traditional materials for alternatives with lower environmental impacts 
x Reduction of construction stage impact 
The strategy of reduction of amount of needed materials is further broken into the five sub-strategies: 
x Optimization of layout plan 
x Optimization of structural system 
x Low-maintenance design 
x Flexible and adaptable design 
x Components’ service life optimization 
The strategy of substitution of the traditional materials with alternatives includes the six sub-strategies: 
x Reuse of building parts and elements 
x Utilization of recycled materials 
x Substitution for bio-based and raw materials 
x Use of innovative materials with lower environmental impacts 
x Design for deconstruction 
x Use of recyclable materials 
3. Examples of utilization of various design strategies 
The presented examples intend to show examples of application of the above-listed strategies on real designs, 
escalating from building elements (Examples 1 and 2) through load bearing systems (Examples 3 and 4) to whole 
buildings (Example 5). To achieve the maximum environmental benefits, in most of the examples several design 
sub-strategies are combined. 
3.1. Example 1: Bio-based curtain wall façade elements 
In the national Czech research project Intelligent Buildings has been developed a new environmentally friendly 
curtain wall façade system [5][6] by utilization of the design strategies: components’ service life optimization; 
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substitution for bio-based materials; use of innovative materials with lower environmental impacts; design for 
deconstruction; and use of recyclable materials. 
The main motivation for the development of a new generation curtain wall system (CWS) was to achieve 
improved environmental performance in comparison with traditional metal-based CWSs while maintaining similar 
service life (see visualisation in Figure 1 a). The new CWS contains 93 % by weight of wood-based materials in its 
opaque variant and 65 % in its transparent alternative.  
To prove its environmental benefits, a simplified LCA comparing a panel of the new CWS with traditional 
aluminium panel of similar size and thermal transmittance has been conducted.  
It has taken into account these boundary conditions:  
x Functional unit (FU) was 1 CWS panel with height of 3.3 m and width of 1.5 m with an integrated transparent 
part (window: 1.8 m2) and thermal performance expressed by thermal transmittance of U= 0.57 W/m2K. 
x Considered service life was 30 years for both alternatives and no replacement of materials was considered during 
the service life. 
x Reference flow was defined as a mass of construction materials needed for the creation of a FU with a service life 
of 30 years. Due to the lack of inventory data for window assemblies, data for individual materials in the 
windows were used. 
x Cradle-to-gate system boundaries were used – modules A1-A3 according to EN 15804 were included.  
x German environmental product declarations (EPDs) for input construction products were used as data sources of 
environmental impacts of used materials (German EPDs are up to date and specific for actual construction 
products, the German and Czech construction market and production technologies are similar. Furthermore, the 
data from the German EPDs are considered to be very consistent and plausible – according to the same product 
category rules used for calculations and the unified system of Institut Bauen und Umwelt. 
x Applying cut-off rules ancillary materials were excluded. 
x The assembly processes of the final CWS panel were not included. 
 
Fig. 1. (a) Envilop panel structure. (b) Results of cradle-to-gate analysis: comparison of cradle-to-gate environmental impacts of wood–based and 
aluminum-based CWS panel of similar U-values and service lives. The reference level (100 %) are environmental impacts of aluminium-based 
CWS panels, numbers in the chart show ratio of the environmental impacts of a new wooden-based CWS panel to aluminium-based CWS panel 
in percent. Legend: non-renewable primary energy input (PEInre); global warming potential (GWP); ozone depletion potential (ODP); 
acidification potential (AP); eutrophication potential (EP); and photochemical ozone creation potential (POCP).  
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During the impact assessment step, environmental impacts were calculated on the basis of reference flows for 
both curtain wall alternatives and the selected environmental indicators: global warming potential; ozone depletion 
potential; acidification potential; eutrophication potential; photochemical ozone creation potential; and total use of 
non-renewable primary energy resources. Results are shown in the chart on the Fig. 1 b). It is evident that wood-
based CWS panel causes lower impacts in all six parameters. 
During the development was important to find main critical points in the environmental performance of the CWS. 
Therefore the contribution of different materials to the overall impacts of the CWS has been studied. Overall, it can 
be stated, that all environmental indicators of the wood-based CW are lower than in case of the aluminium-based 
variant and thus the wood-based CW has better environmental performance; therefore the objective of creating a 
structure, which is friendlier to the environment than the conventional aluminium-based CWs has been reached. 
However there is still some space for improving environmental performance during further development of the 
product. The potential rests in optimisation and simplification of the complex shape by reducing the number of 
components. 
3.2. Example 2: Re-use of building materials when re-constructing a family house 
The project of a complex rebuilding of a family house in PlzeĖ, Czech Republic, represented in its beginning a 
typical example of strategy of reusing of parts of a building (complex renovation and extension) and thus extension 
of a service life of the building. However, during the deconstruction process of obsolete parts of the building was 
found, that whole house suffers from structural problems and its aboveground part has to be completely removed. 
Despite the troubles, the investor was still in favor of re-use of as much materials as possible and the project was 
switched to strategy of utilization of recycled elements. 
The original foundations were maintained and the built-up area was kept. The original house was deconstructed, 
bricks were hand cleaned and used for construction of new walls. To guarantee structural stability, reinforcing 
columns from concrete blocks filled with reinforcement and fresh concrete were included into the external walls 
(Fig. 2, center). 
 
 
Fig. 2. Replacement of a family house in PlzeĖ, Czech Republic with partial reuse of building materials. Left: original house. Center: Detail of 
structure of external wall of a new building – some load bearing parts made of new concrete elements, whilst major parts of the walls made by 
reused bricks. Right: finished new house. 
The real scenario with reuse of some materials was compared to a virtual scenario of a similar brand new 
building without any reuse of materials by a simplified life cycle assessment (LCA) [7][8] in line with EN 15978. 
The simplified comparative LCA models for reference study period created in SimaPro included only the main 
building elements according to available bill of quantities and used only cradle to gate data for materials and service 
lives pre-defined by SBToolCZ [9]. The functional equivalent was a family house in low-energy standard for 4 
persons. The designed alternatives had similar thermal properties. Heating systems and other technical services of 
were considered similar for both variants, and thus were excluded from the comparison. Results of the comparison 
are presented in Table 1. 
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Table 1. Results of comparative LCA study (cradle-to-gate) for building with reused materials and for new building of similar properties [10]. 




Reuse of materials 
Rate of reduction 
due to material 
reuse 
Non-renewable primary energy MJ/(person.a) 3,237 3,185 1,6 % 
Global warming potential kg CO2, eq./(person.a) 222.8 214.5 3.7 % 
Acidification potential g SO2,eq./(person.a) 818.3 808.7 1.2 % 
Eutrophication potential g PO43-,eq./(person.a) 251.6 256.2 -1.8 % 
Ozone depletion potential g R-11eq./(person.a) 0.0097 0.0089 8.4 % 
Photochemical ozone creation potential g C2H4,eq. /(person.a) 3,475 3,476 - 0.03 % 
 
 
The comparative study has shown that the positive effect of reuse of bricks from the old structure is almost 
negligible in the embodied values; in some cases the effect is negative (due to need of additional reinforced concrete 
structures) to ensure structural stability of the new building. 
 
3.3. Example 3: Lightweight structural system based on advanced silicate materials 
This example represents a combined strategy of optimization of structural system and use of innovative materials 
with lower environmental impacts. In the Czech national project Optimized Subtle Frame for Energy Efficient 
Buildings has been developed a subtle structural system from high performance concrete, whose perimeter columns 
can be integrated right into building envelope. It can significantly reduce thickness of envelope structure and avoid 
risk of systematic thermal bridges. Significant advantages of subtle elements are material and energy savings during 
production, transport, manipulation and construction on building site.  
A detailed LCA case study to analyse the real environmental benefits of the optimized design has been made 
[11]. Subject of the LCA was simple six-storey building with a ground plan of approx. 10 x 20 m (Fig. 3 – left). The 
house is designed with a very universal layout enabling design of many feasible structural and material alternatives. 
The same ground plan can be used for residential as well as for office building. The layout is intentionally not 
rectangular because the construction system has to allow connection between column and girder not only under 90°.  
 
 
Fig. 3. Subject of the case study – a six-storey residential or office building. Left: Ground plan of approx. 10 x 20 m. Right: Three variants of 
floor structures. 
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For the purpose of this study were designed the three variants of reinforced concrete (RC) frame structures (cross 
sections of columns and floors for are shown in Fig. 3 – right):  
x V1 – reference monolithic RC frame structure from concrete C30/37 with columns dimensions of 350 x 350 mm, 
girders 350 x 500 mm, monolithic floor slab with thickness of 230 mm, with main reinforcement in one direction 
x V2 – precast RC frame structure from concrete C30/37 with columns dimensions of 300 x 300 mm, precast 
girders 300 x 450 mm and hollow core panels with thickness of 250 mm 
x V3 – subtle high performance concrete (HPC) frame structure from concrete C100/115 with columns as shown in 
Fig. 1, girders dimensions of 200 x 400 mm and floor structure panels as described in chapter 2, Fig. 2. Floor 
panels are lightened by lightening elements from wood shavings concrete, the HPC parts are reinforced by 
dispersed steel microfibers in amount of 80 kg per cubic meter of fresh concrete (1% vol.). 
The environmental analysis has been focused primarily on load-bearing structures. It included transport of the 
raw material to the concrete plant, concrete production, transport to the building site, pumping of fresh concrete, 
formwork, demolition and deposition of the concrete at the end of the structures service life. Building envelope, 
partitions and surface finishes were excluded from the study. 
Fig. 4 presents a comparison of the assessed alternatives. Reference level (100%) is given by V1 (monolithic RC 
frame structure from C30/37 concrete). V1 alternative has the highest environmental impacts in all assessed criteria. 
More than 30% of raw material consumption can be saved by utilizing V2 alternative (precast RC frame with hollow 
core precast slabs) and further 24% by designing structure as subtle HPC frame of V3. The third alternative 
represents the highest environmental savings in all assessed criteria except for water consumption (due to high water 
absorption of lightening elements from wood shavings concrete). Savings of V3 range from 10 to 54% compared to 
V1, and from 2 to 24% compared to V2. 
 
 
Fig. 4. Aggregated results: consumption of raw materials, consumption of water, primary energy consumption per unit area, GWP – global 
warming potential, AP – acidification potential, POCP – photochemical ozone creation potential. 100 % represents V1 (reference level) [11]. 
 
3.4. Example 4: Case study of a four–storey residential building with variant structural systems  
This case study shows a combination of various design strategies: optimization of layout plan, optimization of 
structural system, substitution for raw materials and use of materials with lower environmental impacts for building 
envelope. 
The subject of optimization was a four-storey residential building in Prague (Fig. 5).  
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Fig. 5. Subject of case study four-storey residential building in Prague. Left: Typical layout. Right: front elevation. 
The case study consisted of alternative design of three structural and envelope systems (Fig. 6); each of them was 
designed material variants (load bearing elements and envelope vertical envelope structures), which resulted in total 
nine variant solutions (Table 2). Each variant was designed up to the detail of real production drawings. 
 
 
Fig. 6. Structural variants. Left: transverse wall structure. Center: longitudinal wall structure. Right: column structure. 
The detailed structural and environmental calculations were performed for each of the structural systems 
including: i) vertical load bearing structures (bearing walls or columns with surface treatments), ii) floor structures 
incl. surface treatments, iii) external bearing walls incl. external insulation and surface treatments), iv) partition 
structures incl. surface treatments, v) foundations according to structural context, vi) staircase structures.  
There were calculated also non-bearing structures, which were considered similar for all variants. These 
included: i) windows and balcony doors, ii) interior doors, iii) floor finishing above the floor bearing structures in 
typical floors and above the water-proofing in the ground floor, iv) water proofing in the ground floor, v) roof 
covering above the roof load bearing structure incl. thermal insulation and roofing, vi) plumbing (top closure, 
window sheeting), vii) joinery (internal parapets), viii) metalwork (railings around staircases and balconies, shading 
elements).  
Table 2. Overview of structural solutions 







Ceramic blocks  V1 V3 V6 
Concrete blocks V2   
Earthen structures  V4 V7 
Autoclaved aerated concrete blocks  V5 V8 
Reinforced concrete columns, wooden façade 
panels, gypsum plasterboards partitions 
  V9 
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Table 3. Indicators for all variants 
Indicator Functional 
unit 
Structural system, external walls, partitions, foundation Non-bearing 
structures 
V1 V2 V3 V4 V5 V6 V7 V8 V9 V1-V9 
Embodied energy GJ 2,593 1,774 2,081 1,906 2,016 2,052 1,689 1,972 1,418 1,362 
Embodied CO2,eq metric tons 229.2 234.8 221.9 214.5 236.0 193.3 181.9 230.5 154.1 83.8 
Used materials (total) metric tons 1,461 1,520 1,498 1,768 1,407 1,238 1,687 1,097 919 254 
- Renewable materials metric tons 9.8 12.5 13.4 456.4 12.5 12.0 787.1 10.7 25.9 81.4 
- Recycled materials  metric tons 2.9 6.3 7.6 7.6 6.3 5.7 7.1 4.0 21.8 8.2 
- Other materials metric tons 1,448 1,501 1,477 1,304 1,388 1,122 892 1,082 871 164 
 
Results are shown in the Table 3 above. The lowest amount of embodied energy and emissions of CO2,eq has 
variant 9 featuring columns and floors from reinforced concrete, external walls made of light wooden façade panels 
and partitions made of gypsum plasterboards fixed in wooden frame with infill from mineral wool. More details on 
the study are available in [12]. 
 
3.5. Example 5: A family house with hybrid structures and envelope systems 
House T is a passive family house in Prague, Czech Republic. Several strategies for reduction of EE and EC were 
used to achieve a sustainable design: optimization of layout plan, optimization (and lightening) of structural system 
and substitution for bio-based materials in the load bearing and envelope structures. 
Its structural system and envelope were optimized for as lowest as possible EE and EC as well as for low energy 
consumption in use [13]. The 3-storey house is built in a slope. The first floor is from two sides under ground, so it 
has been designed from monolithic reinforced concrete to resist soil pressures and to be waterproof. The structural 
system of the first floor is made of subtle prefabricated concrete elements. The top floor is completely made of 
timber (two by four system); as well as all internal partitions – see Fig. 7. 
Detailed calculations of environmental impacts and resource use of the 1st above-ground floor of the finished 
house were compared to two virtual variants: 1) house of the same shape and purpose, built according to the current 
energy-efficiency standards and using typical materials for such building (ceramic hollow brick blocks 440 mm 
thick, reinforced concrete floor structures with ceramic hollow fillers) and 2) house of the same shape and purpose, 
built in passive house standards (ceramic hollow brick blocks 240 mm thick with 300 mm ETICS, reinforced 




Fig. 7. Construction of House T. Left: structure of 2nd floor and timber frames of the third floor. Center: complete structural system, prepared for 
installation of sandwich of external walls; thermal insulation prepared inside. Right: almost finished house. [photos by Jan Tywoniak] 
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Table 4. Comparison of evaluation of three variants of the hybrid concrete-timber floor of House T 
Indicator Unit Standard solution Standard passive 
house 
Hybrid solution in 
passive standard 
Weight of materials metric tons 66.8 51.9 59.9 
Embodied energy GJ 146.0 158.4 130.8 
Embodied CO2,eq metric tons 10.9 9.9 7.5 
Embodied SOx kg 35.5 37.8 42.9 
U-value of external wall W/m2K 0.30 0.12 0.12 




Fig. 8. House T: comparison of standard masonry structure (reference level), masonry structure in passive house standard and the hybrid 
concrete–timber alternative. 
The study has shown (Fig. 8) that the optimized structure has the EE and EC not lower not only compared to the 
standard solution, but also compared to energy passive house. Detailed figures are provided in Table 4 and in [14]. 
4. Conclusions 
Various design strategies for reduction of EE and EC are used by architects and engineers, intentionally or 
intuitively. Work group of Sub-task 4 in Annex 57 works on identification, description and show of these strategies 
on real examples so that they can become taught and used fully intentionally. 
This paper briefly presents five examples of environmental optimizations of construction elements, structures and 
whole buildings and shows results of consequent LCA studies made at the Czech Technical University in Prague 
recently. In this limited format is not space for detailed descriptions of all the boundary conditions and life cycle 
inventory, but references for more detailed papers are given. 
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